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Abstract 
This paper investigates different approaches to integrating the MOtor Vehicle Emission Simulator model (MOVES) 
with microscopic traffic simulators to allow for project-level emissions analysis.  The integration methodology is 
based on using the second-by-second vehicle trajectory output from the traffic simulator to define the link drive 
schedule required to run MOVES.  This raises the question of how to define a representative vehicle trajectory for 
each link, because tracking the emissions for individual vehicles is computationally intractable. In this study, the 
accuracy of two aggregation methods and one sampling method, for defining the representative trajectory, are 
compared for both freeway and arterial links.  The results indicate that the sampling method outperforms either one of 
the aggregation methods, and that using as few as five probes can achieve over 95% accuracy in a timely manner. 
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1. INTRODUCTION 
Until recently, the transportation community lacked the tools for conducting project-level emissions 
analysis needed to accurately assess the impact of traffic control improvements (e.g., retiming traffic 
signals) on emissions and fuel consumption.  The development of high-fidelity, microscopic emissions 
models such as the MOtor Vehicle Emission Simulator model or MOVES2010 [1] finally satisfied that 
critical need and opened the way for detailed project-level emissions analysis. MOVES2010 is a state-of-
the-art emissions model, which was officially released by the Environmental Protection Agency (EPA) in 
2010. Since its release, there has been a few studies which investigated its use in evaluating the impact of 
transportation improvements, strategies and policies on emissions [2-4]. 
activities naturally have a different associated emissions rate. 
estimation procedure therefore is to estimate the percentage of time that vehicles spend in those different 
operating modes.  This is often referred to as operating mode distribution and is a direct function of 
vehicle activities along the transportation network links.  In that regard, it is important to note that the 
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-level evaluations is the network link and not the vehicle (i.e. 
the model estimates the emissions inventory for each link in the network). 
 
(1) The average speed and road type approach, which utilizes default driving cycles associated with a 
given speed, grade and road type.  The approach provides the least resolution because the default 
driving cycles would not typically be sensitive to project-level traffic improvements. 
(2) The link-drive schedule approach, which allows the user to define a second-by-second speed profile 
for a generic vehicle representative of the driving cycle for multiple vehicles.  Based on this, MOVES 
constructs an Operating Mode distribution upon which the link running emissions are then calculated. 
(3) The direct operating mode distribution approach, which allows the user to directly specify the 
operating mode distribution (i.e. the percentage of time vehicle would be in a given mode). 
In terms of linking MOVES to microscopic traffic simulation models, the link-drive schedule approach 
seems to be the most appropriate, since second-by-second vehicle trajectory profiles can be easily 
acquired from traffic simulators. A handful of studies have reported their experiences with integrating 
MOVES and traffic simulation models [2-4]. 
The challenge however arises from the fact that MOVES is a link-based model and not vehicle-based, 
and therefore users need to specify the trajectory of an average vehicle which is supposed to represent the 
driving cycles of all vehicles on that link.  If an analyst desires to track the emissions of each vehicle as it 
(7).  This means that for a link with an hourly volume of say 600 vehicles per hour (vph), one would need 
 one vehicle, an approach which is 
computationally intractable for any realistic transportation network. 
 
2. PURPOSE & SCOPE 
One common approach which the authors had used in the past when integrating MOVES with traffic 
simulators involves taking the mean vehicle speed of all vehicles on a given link on a second-by-second 
basis [2].  Specifically, for each time step, the speeds of all vehicles on a certain links are averaged, and 
the sequence of those second-by-second speeds is then used as t jectory (it is 
to be noted that the mean speed approach here is entirely different 
 main problem with this approach, however, is that 
calculating the second-by-second mean speed of all vehicles on a link is likely to 
.  For example, it is impossible for the mean speed approach to reach the idling 
state (average speed = 0) unless all the vehicles on the link are stopped at the same time step. 
With this possible limitation in mind, the current study first compares the accuracy of that approach to 
the more exact (but computationally demanding) approach of creating separate artificial link for each 
vehicle trajectory.  The study then proposes and evaluates the accuracy of two alternate averaging and/or 
sampling methods.  The first method involves replacing the vehicle speed means with their modes; the 
mode may better represent the link speed profile, because it characterizes the majority of the 
behaviors instead of averaging them out.  The second method samples individual vehicle trajectories 
randomly, and calculates the emissions for each sampled vehicle assuming that that vehicle represents an 
x number of vehicles on an when sampling 6 vehicles from a link with a 
volume of 600 vph, we ng an assumed volume of 100 vph, 
and t ummed up to arrive at the total 
emissions for that link.  To increase accuracy, the sampling procedure could be repeated and the results 
averaged.  This method will be referred herein as the probe vehicle approach.  Because the accuracy of 
the aggregation/sampling method may depend upon the type of the roadway link (e.g. a freeway link 
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versus an arterial), the study evaluates the performance on both types, utilizing the state of art 
microscopic car-following simulation model, Paramics [5].   
Figure 1a shows a time-space diagram for a few vehicles traversing a 1000-ft long link.  The 
accompanying Figure 1b shows the second-by-second speed profile, resulting from applying the mean 
speed, mode speed, and probe vehicle approaches.  As can be seen, using the mean speed approach, the 
second-by-second vehicle profile never reaches zero (i.e. a full stop).  At the same time, the profile fails to 
other hand, manages to capture cruising , but appears to flatten out the speed profile, which once again 
may lead to inaccuracies. Both approaches result in a speed profile that is different from that of the probe 
vehicle approach.  For the probe vehicle calculation, a key question is how many vehicles need to be 
sampled to achieve reasonable accuracy.   
 
Fig. 1. (a) Figure 1a Sample Vehicle Trajectories on a Time-Space Diagram; (b) Second-by-second speed profile resulting from the 
Mean, Mode and Probe Vehicle Approaches 
 
3. METHODOLOGY 
 
3.1. Integrated Traffic and Emission Simulation Framework: MOVES + PARAMICS 
Using Paramics Applications Programmer Interface (API) Given this, a customized plug-in was 
developed in this study to generate the second-by-second trajectory needed for running MOVES. 
Compared with other methods, the customized plug-in offers extensive capabilities based on the needs of 
a 
trajectory file after the simulation ends. This file is then processed to allow for running MOVES in order 
to calculate the emissions.  In terms of evaluation, the study focused on two pollutants, namely Carbon 
Monoxide (CO) and Nitrogen Oxides (NOx), in addition to energy or fuel consumption. The study also 
conducted the evaluation for two classes of traffic facilities: (1) a freeway segment; and (2) a signalized 
corridor (multiple links and multiple intersections). 
3.2 Mean, Mode and Sampling Approaches 
For the mean or mode approach, the specified link was scanned second by second, and all the vehicles 
on that link during that second were identified.  The mean (or mode) speed of those vehicles in that 
second was then calculated and used to define the speed profile required for the link drive schedule 
method. For the probe vehicle method, the trajectories of all vehicles were extracted by the Paramics 
plug-in and written to the trajectory file.  Vehicle trajectories were then sampled randomly from that file 
until the required number of sample vehicles was reached. For each sampled vehicle, an artificial link, 
that overlaps the physical road link, was assumed and the volume on each artificial link was assumed to 
be equal to the total volume on the real link divided by the number of sampled vehicles (e.g. if the total 
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volume was 500 vph and 10 vehicles were sampled, each artificial link would be assumed to carry 50 
vph).  The emissions for each artificial link were then calculated, and the results were added from all 
artificial links.  To increase accuracy, the whole procedure was repeated several times as mentioned 
before, and the results from the different runs were averaged. 
For , the trajectories of all the vehicles were considered as 
previously mentioned, and a number of artificial links equal to the hourly volume on that link was 
emissions inventory for the link, which was then compared to that calculated from the mean, mode and 
probe vehicle approaches.  The study also evaluated the sensitivity of the results to the number of sampled 
vehicles and the number of multiple model runs or replications.    
3.3. Arterial and Freeway Test Beds 
Figure 2 shows (a) the signalized corridor and (b) freeway segment considered in the evaluation of the 
different approaches to integrating MOVES and Paramics. For the arterial test bed, a well-calibrated two-
lane corridor network was deployed, which consists of ten signalized intersections, connecting the 
University at Buffalo (UB)  data were collected, 
translated into Origin-Destination demand matrix using Paramics Estimator, and then implemented in the 
Paramics Model. Moreover, exact signal timings and phases were also collected and coded in the model 
to mimic the realistic traffic settings. For the uninterrupted facility, a three-lane freeway segment on I-290 
was selected with two sets of on-ramp and off-ramp respectfully as Figure 2 (b) illustrated. 
 
Fig. 2a) Arterial connecting UB north & south campus Fig. 2b) Freeway Test Bed (I-290) 
4. RESULTS 
4.1. Mean, Mode and Sampling Method Comparisons 
Table 1 compares the energy consumption, NOx and CO emissions estimates from the mean and the 
mode aggregation methods, and from the probe vehicle method, to the ground truth .  The table 
also lists the percent difference between the estimates from the three methods and the ground truth, as 
well as the run time for each method; the results for the freeway link are shown in Table 1a, and those for 
the arterial Table 1b. As can be seen from Table 1a, in the case of the arterial test bed, both the mean and 
mode methods underestimated the fuel consumption, NOx and CO emissions.  Specifically, the mean 
aggregation method estimate was around 59.3% of the ground truth for energy consumption, around 
67.2% for NOx emissions, and only around 38.5% of for CO emissions.  The mode method
were slightly closer to the ground truth compared to the mean method, but not by much.  On the other 
hand, from a computational standpoint, the mean or mode approach run time was around only 1% of the 
time required by the computationally-demanding, artificial link method. For the freeway link, as can be 
seen from Table 1b, the results from the mode approach were interestingly closer to the ground truth 
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values compared to the arterial link results.  In fact, for the energy consumption, the results of mode 
approach were almost identical to the ground truth values (i.e., 108%), while the mean approach was still 
underestimating the fuel consumption, NOx and CO.  
Table 1. One Link Study: Mean vs. Mode; Sensitivity on the Aggregation Interval Time. a) Arterial Test Bed: 
Arterial (80) Energy (J) Energy (%) NOx (kg) NOx (%) CO (kg) CO (%) MOVES Time (min) 
Ground Truth  1.89E+07 N/A 3.04E-03 N/A 3.00E-02 N/A 760.1 
Mean 1.12E+07 59.3% 2.04E-03 67.2% 1.15E-02 38.5% 9.9 
Mode 1.14E+07 60.3% 2.09E-03 68.7% 1.23E-02 41.0% 9.1 
Probes (5) 1.83E+07 96.9% 2.96E-03 97.4% 2.87E-02 95.8% 55.6 
b) Freeway Test Bed: 
Freeway(241) Energy (J) Energy (%) NOx (kg) NOx (%) CO (kg) CO (%) MOVES Time (min) 
Ground Truth  6.67E+06 N/A 1.50E-03 N/A 1.48E-02 N/A 190.9 
Mean 4.63E+06 69.5% 9.21E-04 61.4% 6.47E-03 43.7% 1.4 
Mode 7.21E+06 108.1% 1.33E-03 88.6% 1.15E-02 77.5% 1.4 
Probes (5) 6.71E+06 100.7% 1.50E-03 100.0% 1.42E-02 95.6% 4.6 
 
Table 1 also compares the probe vehicle method estimates of energy consumption and emissions 
compared to the ground truth. Notation, Probes (5
randomly sampled. As can be clearly seen, the probe vehicle method appears to offer superior estimation 
quality compared to either the mean or mode approaches, with the estimates from that method almost 
identical to the ground truth values for all emissions types and for energy consumption.  For example for 
the freeway li  and CO emissions were 
101% and 96% of the ground truth values, and its estimate for NOx emission was identical to the ground 
truth value.  From a computational runtime standpoint, sampling 5 vehicles took approximately 5 minutes 
per run as opposed to 191 minutes for MOVES to estimate the ground truth value for freeway test case.  
Also, as to be expected, Table 1 shows that both the averaging and sampling methods seem to work better 
 
4.2. Number of Probes 
Table 2 shows the results obtained when varying the number of sampled vehicles and the number of 
integrated model runs (i.e. replications).  For example, the s (4
4 times each time 
with 5 vehicles sampled, and the results from the 4 model runs were averaged. To cut down on the 
runtime for the experiments, a group of 80 sample vehicles was considered as the ground truth on the 
tested arterial (1000 vphpl) during the simulation time, and this took more than 760 minutes, or 
approximately 13 hours to finish the emission simulation.  
As can be seen, using only 5 probes and 4 replications yielded results that are very close to ground 
truth for both the freeway and the arterial case.  The run time for that case was an average of 51.7 minutes 
per run (i.e. a total of 207 minutes for the four runs). In addition, the variation among the results from the 
four runs was reasonable, with the maximum difference between any runs between 5 and 12%.  No 
conclusive decision, however, could be made regarding whether it is more advantageous to sample more 
in most cases for the freeway test-bed, and even worse for the arterial test case. 
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Table 2. 5, 10 and 20 Probe Vehicles vs. Ground Truth (per Vehicle) a) Arterial Test Bed: 
Arterial (80) Energy (J) Energy (%) NOx (kg) NOx (%) CO (kg) CO (%) MOVES Time (min) 
Ground Truth 1.89E+07 N/A 3.04E-03 N/A 3.00E-02 N/A 760.1 
5 probe (4) 1.88E+07 99.8% 3.02E-03 99.4% 3.04E-02 101.6% 51.7 
10 probe (2) 1.87E+07 99.3% 2.99E-03 98.5% 2.92E-02 97.3% 135.5 
20 probe (1) 1.87E+07 99.1% 2.99E-03 98.4% 2.99E-02 99.7% 375.7 
b) Freeway Test Bed: 
Freeway (241) Energy (J) Energy (%) NOx (kg) NOx (%) CO (kg) CO (%) MOVES Time (min) 
Ground Truth 6.67E+06 N/A 1.50E-03 N/A 1.48E-02 N/A 190.9 
5 probe (4) 6.53E+06 97.9% 1.46E-03 97.3% 1.41E-02 95.5% 4.4 
10 probe (2) 6.54E+06 98.1% 1.47E-03 97.7% 1.44E-02 97.2% 8.2 
20 probe (1) 6.61E+06 99.2% 1.49E-03 99.5% 1.49E-02 100.5% 19.1 
5. CONCLUSIONS AND FUTURE RESEARCH 
Based on the , the following observations can be made: 
1. The mean approach tends to underestimate the fuel consumption, NOx and CO for the both freeway 
and arterial scenario. For both facilities, the closest it got was only 69.5% of the ground truth estimate; 
2. Although the mode method the mean method on the arterial test bed, 
its performance redeemed on the freeway test bed was quite good, where the estimation error was less 
than 22.5 % for all three estimates (i.e., CO, NOx and energy consumption). 
3. Compared with mean and mode approach, the probe vehicle approach tended to be considerably 
more reliable and accurate for both road types and all emission pollutants and fuel consumption. The 
probe vehicle method is strongly recommended as an accurate and computationally efficient method for 
integrating MOVES with traffic micro-simulators for the purposes of project-level emission analysis; 
4. Regarding the recommended number of probes vehicles, using 5 samples seemed to be sufficient for 
an arterial corridor (1000 vphpl), whereas 20 probes appeared to yield slightly better results for the 
freeway (1600 vphpl). Additional experiments are required to confirm the conclusions. 
For future research, the authors plan  to 1) compare the estimation accuracy of pairing MOVES with 
Cellular Automata models vs. car-following models; 2) assess the accuracy of the aggregation and 
sampling methods described herein for different vehicle types; and 3) develop a generic modeling 
platform to evaluate the environmental benefits of eco-applications (e.g. green routing or eco-signal) for 
different network topologies and vehicle types. 
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